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The protein tyrosine kinase inhibitor
herbimycin A, but not genistein, specifically
inhibits signal transduction by the T celi

antigen receptor
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Abstract

Several lines of evidence implicate a regulatory tyrosine phosphorylation in the activation of
phospholipase C (PLC) by the T cell antigen receptor (TCR). These include studies using
inhibitors of protein tyrosine kinases (PTKs). In Jurkat T cells expressing the heterologous
human muscarinic receptor (HM1), PLC activity can be induced by either the TCR or HM1. HM1
activates PLC via a guanine nucleotide binding protein. We have studied the selectivity of the
effects of the PTK inhibitors, herbimycin A and genistein, in this system. The resuits indicate
that these inhibitors have different mechanisms of action, and suggest that herbimycin A, but not
genistein, is a specific inhibitor of PTKs in T cells. Herbimycin A markedly inhibited both the
resting and induced levels of phosphotyrosine-containing proteins, including the 11 isozyme of
PLC and the ¢ chain of the TCR, and prevented activation of PLC by anti-TCR mAb. Herbimycin
A did not inhibit activation of PLC by HM1. Genistein had a much less pronounced effect than
herbimycin A on the appearance of tyrosine phosphoproteins. Moreover, genistein irhibited
activation of PLC by both the TCR and HM1, and inhibition was only partial. Genistein was
cytotoxic and markedly inhibited protein synthesis in both Jurkat cells and human peripheral
lymphocytes. Herbimycin A was not cytotoxic. These findings contirm the role of a regulatory
tyrosine phosphorylation in activation of PLC by the TCR. Herbimycin A was a selective inhibitor
of a subclass of PTKs in Jurkat cells. In contrast, inhibition of signal transduction and later
events in T cells by genistein may be due to effects other than direct inhibition of PTK activity.

Introduction

The TCR is a multimeric transmembrane siructure which does
not have intrinsic protein tyrosine kinase (PTK) activity (1).
Engagement of the TCR initiates activation of a PTK, or cascade
of PTKs, which heve not definitively been icentified, but may
include the src-related PTKs Ick (2), which associates with the
T cell surface molecules CD4 and CD8 (3,4), and fyn (5), which
co-immunoprecipitates with the TCR (6). One consecuence of
PTK activation by the TCR is tyrosine phosphorylation, and thus
activation, of the y1 isozyme of phospholipase C (PLCy1) (7 - 9).
A number of other intracellular substrates, including the ¢ chain
of the TCR (TCR{) and the proto-oncogene vav (10), are rapidly
tyrosine phosphorylated foliowing ligand binding to the TCR

(11.12). Activation of PLC~1 lcads to the hydrolysis of
phosphatidylinositol 4,5-bis-phosphate (PIP,) to inositol 1,4 5-ris-
phosphate (IP.) and diacyiglycerol, resulting in an increase in
intraceliular free calcium ([Ca?+]) and the activation of protein
kinase C (PKC) respectively (13).

Several lines of evidence impliczle a regulatory role for tyrosine
phosphorylation in activation of PLC by the TCR, and in the
subsequent expression of T cell surface molecules and IL-2
(9,14 — 23). The appearance of new tyrosine phosphoproteins
in response 1o TCR stimulation precedes measurable hydrolysis
of PIP, (15). In addition, PLCy1, the principal PLC activity
contained in immunoprecipiated tyrosine phosphoproteins from
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1202 Inhibitors of TCR signal transduction

Jurkat cells after TCR stimulation, is catalytically activated by
tyrosine phosphorylation by growth factor receptors (24.25), and
is tyrosine-phosphorylated following TCR stimulation in Jurkat
cells and in normal T cells (9).

Further evidence for a requirement for regulatory tyrosine
phosphorylation in activation of PLC by the TCR comes from
studies of the cffects of inhibitors of protein tyrosine phosphoryla-
tion (16,18 - 22). These include the benzoquininoid ansamycin
antibiotic herbimycin A (16) and the isollavone genistein
(18,20,22). Herbimycin A is an in vivo inhibitor of sre-refated PTKs,
which acts by depleting the intracellular level of enzyme (26,27).
In T cells, herbimycin A reduces the immunoprecipitated activity
of the src-related PTKs ick and fyrs by >90% (16). Genistein is
an in vitre PTK inhibitor, which may act by non-competitive
inhibition of ATP hydrolysis (28).

To examine the specificity of these PTK inhibitors in T cells,
we have investigated their effects on signal transduction in Jurkat
cells transfected with the human muscarinic receptor type 1
(HM1) (29), which is normally expressed in neuronal and riuscle
cells (30). This seven transmembrane-domain receptor activates
an isozyme of PLC in a PTK-independent manner, by direct
interaction with a guanine nucleotide binding protein (G protein)
{30 - 34). In this report we show that HM1 maintains its functional
interaction with @ G protein when expressed heterologously in
Jurkat cells. In this system, herbimycin A was an efiective inhibitor
of TCR-initiated PTK and PLC activities, but did not inhibit
activation of PLC by HM1. Inhibition of TCR, but not of HM1,
activation of PLC by herbimycin A provides confirmatory
evidence that a regulatory tyrosine phosphorylation, involving
a member of the src family of PTKs, is required for activation
of PLCy1 by the TCR. As previously reported (18), genis!ein also
inhibited activation of PLC by the TCR. However, genistein was
a refatively poor inhibitor of in vivo PTK activity in these cells and
also inhibited PLC actlivation by HM 1. Genistein was cytotoxic,
and inhibited protein synthesis in Jurkat cells, human peripheral
lymphocyles, and lectin-activated blasts. Herbimycin A was not
cytotoxic and did not inhibit protein synthesis in Jurkat cells.
Tzken together, these results suggest that inhibition of signal
transduction and laler events in T cells by genistein may be due
to effects other than direct inhibition of PTK activity.

Methods

Cells and reagents

Jurkat cells were maintained in RPMI 1640 medium, supple-
mented with 5% FCS, 5000 U/ml penicillin, S mg/ml streptomycin,
and 200 mM glutamine (medium). The Jurkat-derived. clone
J-HM1-2.2 (29) expresses a functional translecled HM1.
J-HM1-2.2 cells were maintained in medium with 2 mg/mi
geneticin (Gibco, Grand Island, NY), and transferred to geneticin-
free medium 48 h before experiments to prevent aminoglycoside-
mediated inhibition of phosphoinositide hydrolysis (35). Human
periphetal Iymphocyles were isolated by separation on a ficoll-
hypaque dnscontmuous gradlent (Hlstopaque 1077, Sigma,
St Louis, MQ), "and adherent cells were depleted by |ncubat|on
on plastic tissue culture dishes. Activated lymphocyte blasts were
prepared. by _incubating. these. cells. with 0.1 ug/mi phyto- .
hemagglullnln (PHA Sigma) in medlum lor 48 72h, Gemsteln
was purchased from ICN (Cleveland OH) Herbamy’cin“ A’was
LS TAAHE B SR B e iR e
"«*&m TNBSETEY . . AN m,sr 5200

the kind gift of Dr E. Uehara. Herbimycin A and genictein véte
dissolved in DMSO. Genistein is poorly soluble in aguecus
solutions, even when previously dissolved in DMSO. Care was
taken in all experiments 10 insure that genistein was diceclved
completely. DMSO alone, at appropriale concentration, which
did not exceed 1%, was included in all controls, Add:tion:t
reagents were purchased as follows; ionomycin (Calbischem
La Jolla, CA), indo-1 from (Molecular Probes Eugere, OF),
carbomoy! choline chioride (carbachol), and atropine sullzte
(Sigma).

Antibodies

The following mouse mAbs were used in these studies. C305
(IgM}) reacts with the Jurkat TCR (36). The anti-TCR{ mAbs 288
and 391 were the kind gifts of Dr Richard Klausner. Anti-PLCH1,
a pool of mAbs, was the kind gift of Dr Sue Goo Rhee (7). 4G10
reacts with phesphotyrosine (37). Goat anti-mouse IgM was
purchased from Zymed (San Fraincisco, CA).

Measurement of the affinity of the HM1 recepior for muscarinic
agonist in J-HWM1-2.2 cells

J-HM1-2.2 cells were disrupted by nitregen cavitation in the
following butfer: 20 mM HEPES, pH 8, 4 mM tgCl,, 1 mM
EDTA, 2 mM 2-mercaptoethanol, and 0.15 M NaCl. A membrane
fraction was prepared in the following butler (membrane buffer):
20 mM HEPES, pH 8.0, 4 mM MgCl,, 1 mi EDTA, and 2 mM
2-mercaploethanol, by sequential centrifugation at 2000 and
15,000 r.p.m., then homogenized and re-centrifuged at 15,000
r.p.m. Membranes were washed extensively in membrane butfer
and stored at —70°C in the following buffer: 20 raM HEPES,
pH 8, 2 mM MgCl,, 1 mM EDTA, and 10% glycerol. Triplicate
or quadruplicate samples of 10-30 g membrane protein/m!
were incubated in membrane buffer with the muscarinic
anlagonist 1-quinuclidinyl-[phenyl-4-*H]benzilide ([*HIQNB)
(Amersham, Arlington Heights, L), 0.1 nM, a concentration
previously shown to be saturating. The indicated concentrations
of carbachol were added, and samples equilibrated at 37°C for
30 min, then transferred to Whatman GF/B glass fiber filters
(Whatman, Maidstone, UK). Filters were washed exiensively at
4°C with 5 mM Tris, pH 7.4, and 4 mM MgCl,, placed in
scintiliation fluid, and *H counted. Non-specific binding was
estimated by incubation with 10 uM atropine and was < 10%
in all experiments. The results are expressed as percentage
inhibition of maximum binding.

Western blots of whole cell lysates and immunoprecipitation of
PLC7«1 and TCF?;“

J-HM1-2.2 cells were mcubated with the 3 uM herbimycin A or
mednum alone for 18 h,’suspended at 10% cells/ml, and
stimulated for 90 s with 1:1000 C305 ascites or S00 xM carbachol.
Where indicated, 04 mM gemslem was added 10 min before
stimuli and was presenl throughout Samples were lysed in ice-
cold 1% NP- 40 with phosphatase and protease inhibitors (38)
)PLC'71 and, TCR{ were . immunoprecipitated with protein
A= Sepharose beads coaled with the appropnale mADb.
__Phosphotyrosme conlammg proteins were. resolved by
,SDS-PAGE under reducing conditions, transferred to nitro-
cellulose. and detected with the mAb 4G10. 4G10 was ¢ ' cted
wuth either alkalme phosphalasecon;ugaled goat anti-mouse IgG
‘(Bio-Rad, Rlchmond CA),- or- with- 12-"I-conjugaled protem A
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{Amersham). [*?5]protein A was quantiated by phosphorimager
analysis (Molecular Dynamics, Sunnyvale, CA), using
ImageQuant software.

Phosphoinositide assavs

J-HM1-2.2 cells were loaded with myo-[*Hlinositol (Amersham)
as previously described (38) and incubated for 18 h at 5 x 108
cells/ml with the indicated concentration of herbimycin A or
medium alone. Triplicale samples of 10° cells were incubsied
for 20 min in 20 mM LICl, and resuspended in 10 mM LICl, &t
4 x 108 cells/imi. Where indicated, genistein was added &t the
indicated conceniration 10 min before stimulation and was
present throughout. Samples stimulaied with mAb were
precoated at 4°C with 1:1000 C305 ascites, a concentration
previously shown to be saturating. Carbachol (500 pM) was
added where indicated, and the cells centrifuged onto cuture
dishes coated with geat anti-mouse Ight (Zymed) and warmed
to 37°C. Alter 30 min, reactions were stopped and cells were
lysed by three alternate 5 min immersions in dry ice/ethanol and
70°C bath. Total soluble incsitol phosphates were extracted by
ion exchange chrometography as previously cescribed (Z€).

Determination of [Caf*],

Cells were incubated for 18 h with 3 uM herbimycin A or medium
alone, loaded with the Ca?*-sensitive flucr indo-1 (40), washed,
=nd re-suspended at 5 x 108 cells’ml. Indo-1 {luorescence was
measured in a Spex fluorolog Il spectioiiuorimeter (Spex, Tren'on,
NJ). The fluonimeter was calibrated for each determination by
complete lysis with Triton-X 100, fol.owed by chelation of Ca?+
with EGTA. Increases in [{Ca?+], were calculated by the ratio
method of Grynkeiwicz et &l. (40). The etects of genistein on
indo-1 fluorescence could not be assessed by this fluorimetric
method because sclutions of genisiein have sulbstantial peaks
of absorbance and of emission coinciding with those of indo-1;
220-440 and 450 - 480 respectively (dzata not shown). In order
to test the eflects of genistein on [Ca?*], flow cytometry was
used to estimate [Ca?“), in individual cells (41). The results were
analyzed for the percentage of responding celis, as determined
with a histogram subtraction glgorithm (Phoenix Flow Systems,
San Diego, CA) (16).

Assays of cell gronth

Assays to determine the effects of herbimycin A and genisiein
on the growth of Jurkat celis were carried out es follows. Cells
were pre-incubated overnight with herbimycin A at the indicated
concentration or medium alone. Cells were then suspended at
108 celis/m! in the indicated concentration of herbimycin A or
genistein and cultured for 24 h. Cells were counted and viability
determined by trypan blue exclusion.

Measurement of protein synthesis: incorporaticn of
[**S]methionine into total cellular protein

These assays were carried out in conditions which paralieled
those used in signal transduction assays. J-HM1-2.2 cells, human
peripheral tymphocytes or PHA-stimulated blasts were inriihated
for 18 h with the indicated conceniration of herbimycin A or
medium alone. Duplicate samples of 5 x 108 cells per condition
were washed twice in PBS, resuspended in cysleine/methionine-
free medium, incubated for 30 min at 37°C, washed in PBS, and
resuspended in cysteine/methonine-free medium, 107 celis/ml.

Intibitors of TCR signal transduction 1203

{**S)methionine (ICN., frvine, CA), 1.0 uCilsample, was added.
Where indicated, genistein was added 10 min before
[**S)methionine. Cells were lysed by ihree alternzte 5 min
immersions in dry icelethano! and 70°C baths. Total cellular
proteins was precipitated by the addition of 100 pl 126 bovine
serum albumin and 600 4! 404 trichioroacesic acid. Fellets were
washed in 10% trichicroacetic ecid, and the incorporticn ¢i
radiolebelled amino acics in total protein estmated. For each
experiment, [**S]methionine was edded 1o an acditional seat of
sampies afler lysis. Non-specific counts were <10% of
experimental counts and were subiracled from each point.

Results

HIM1 interacts cirectly with a G preiein when transfocied .rio
Jurkat ceiis

In its normal cellular envircnment, the seven transmembrane
doman HM1 activates PLC by direct interaction with 2 G protein
(30.,33). In croer to investigate the mechan'sm of PLC activation
by EM1 when trans’ected into the Jurxat cell line. we prepared
membranes from J-HM1-2.2 celis and assayed ‘or dispiacement
of the muscearinic antagenist [FHJONB by the muscarinc
agonist, carbachol. Membranes were washed {ree of guanine
nucleotide. Under these conditions the G protein a subuntis not
occupied by guanine nuclectide and the receptor which is
associated with G protein is in the high giinty state for igand.
When guanine nucieotice is adced it binds o0 the G proten «
subunit, ccnverting the G protein — recepicr compiex ic the low
affinity state for ligand. This efiect is incdependent of the species
of guanine nuclectide used (42). The decrease in altinity is
measured as a shit in the dose-response curve for the
displacement of the antagonst [FHICGNB by the agonist
carbachol. As shown in Fig. 1, the addition of GTP to J-HM1-2.2
membranes reduced the affinity of HM1 for carbachol, confirming

% (nhibitton o! JR-QNB binding

Log Dose Carbachol (M}

Fig. 1. Cieci ! GTR on the atfinity of HM1 “ur the musca“inic anoiust
carbachol. Aliquots of the membrane fraction prepared fromJ-HM1-2.2
cells were incubated with a saturating concentration of 3H)ONB and
varying amounts of carbachal, in the presence of {C) or absence (M)
of 300 uM GTP. The fraction of 3H counts bound to t_he membranes is
expressed as the percentage of maximurn. Each point is the mean of
three determinations. A representative experiment is shown (n = 5).
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1204 Inhibitors of TCR signal transduction

that direct interaction of HM1 with a G protein is maintained when
this receptor is expressed in Jurkat cells. Based on this evidence,
and the fact that HM1 functions normally both in Jurkat cells which
do not express the TCR and in TCR signalling mutants of Jurket
(29), we conclude that the TCR and HIA1 regulate PLC activity
by independent mechanisms in J.HM1-2.2 cells. We used the
transfected HM1 as a speciiicity control for possible non-PTK-
dependent inhibition of PLC by the PTK inhibitors in the {oliowinig
experiments.

Herbimycin A and genistein have differential effects on the level
of basal and stimulated phosphotyrosine-cornitaining proteins

To assess the effects of the in vitro PTK inhib.tors herbimycin A
and genistein on the inducticn of tyrosine phosphoprciens by

A L 2 3 4 5 6
-

10 — === o ——

84 - Tmmem

e — ———
33 — - e
24 —
0 C305 CARB. 0 C305 CARB.

UNTREATED HERBIMYCIN A

B UNTREATED HERBIMYCIN A GENISTEIN
! AT i o]
1 2 3 4 5 6 7 8 9
kD . . . 8
205- ¢ o O
116-1 3 o S
80~ ,
el X 1 L L1 L.b.
50- . " ' : _ 4
Carbachol - + —~ —- 4+ - - 4 -

the TCR and HM1, we probed Western blois of whole cell lysates
of unstimulated or stimula'ed J-HM1-2 2 cells, untreated or treated
with inhibitor, with the anti-phosphotyrosine mAb 4G10. As
previously reporied (12), stmulation of unireated cells with
anti-TCR mAD induced the rapid appearance of a numiber of riew
phosphotyrosine-containing roteins &nd an increase in the
intensity of others (Fig. 2a). Carbachol induced the appezrance
of atyrosine phosphoprotein of 42 kDz (lane 3). We believe this
1o be microtubule-associated protein-2 kinzse (MAP-2 kinase),
the appearance of which requires phosphorytation on hoth
tyrosine and threonine residues (43,44). A tyrosine-phosphory-
lated band of similar mebaity is induced by PMA in Jurkat or
J-HM1-2.2 celis (38). In addition, in TCR signalling mutart variants
of Jurkat (36), the tyrosine phosphorylation of p42 correlates with

7 8 9 10 11 12
T e T " —
[y T I ===
10— = B s I "
B4 — i = - =
e Y — —
47 — _— = = =
33— 7 ' ’
24—
16 —
0 C305 CARB. 0 (305 CARS.
UNTREATED  GENISTEIN
C UNTREATED HERBIMYCIN GENISTEIN
1 R LN S 1
KD 1 2 3 4 5 6
28— .
wl RIS o
18~ .
C305 - + - + — +

Fig. 2. Effects of herbimycin A and genistein on protein tyrosine phosphorylation in J-HM1.2.2 and Jurkat cells. (a) Cells were stimulated wrth anti-
TCRmAD (lanes 2, 5, 8, and 11), or carbachol (lanes 3, 6, 9, and 12), following incubation in medium alone (lanes 1 -3 and 7 - 9). 3 uM herbimycin
A (lanes 4 - 6), or 0.4 mM genistein (lanes 10~ 12). Whole cell lysates were probed with 4G10. (b} PLCy1 was immunoprecipitated from lysates
of J-HM1-2.2 cells stimulated with C305 (lanes 3, 6, and 9), or carbachol {lanes 2, 5, and 8). Cells were preireated with medium (lanes 1-3), herbimycin
A (fanes 4 -6), or genistein (lanes 7 - 9). (c) TCRt was immunoprecipitated from lysates of Jurkat cells stimulated with C305 (lanes 2, 4, and 6),
and pre-treated as in (b). 4G10 was delected with ['25]]protein A.
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induction of MAP2 kinase activily In in vitro kinase assays

Nel and A. Weiss, unpublished data).

{erbimycin A markedly reduced both the basal and TCR-
1ulated level of phosphotyrosine-containing proteins, including
2, but did not substantially inhibit the induction of p42 by
bachol {(Fig. 2a, lane 6). Because the appearance of pa2
ncides with activation of PKC in ihese cells (38.44), herbimycin
joes not appear 1o inhibit either the PTK or the PLC activated

M. We next examined the effects of genisiein on in vivo

ssine phosphorylation in J.HM1-2.2 cells. Genistein at 0.4 mid,
» gose which had maximal inhibitory eifecis on aciivation cf
C and protein synihes:s (see below), had itle detectable effect
the basal or stimulated level of the mgjority of cellular tyrosine
osphoproteins (Fig. 2a. lanes 7-12).

Ne next examined the eilects of these inhbitors on tyrosine
osphorylation of two of the known substrates of the TCR-
ivated PTK pathway, PLC+1 and TCR¢. Tyresine phosphory'a-
~of PLCy1 wes virtually zbolished by pre-treatment of the cells
h herbimycin A (Fig. 2b). Genistein elso inhibited the tyrosine
osphorylation of PLC+1, but to 3 much lesser exient than did
rbimycin A. The gbsciute amount of cellular PLCy1 was not
Juced by treatment with either herbimycin A or genistein (data
1 shown). Genistein has previously been shown 1o inhibit
reases in ihe level of tyrosine phosphoryletion of the TCR{
response to TCR stimuiation in peripheral T cells (18). We
rried out immunoprecipitation and quantitative phosphorimager
alysis of 4G10 blots of TCR¢. Genistein inhibited the tyrosine
wosphorylation of TCR¢ in Jurkat cells by 6-fold. Herbimycin
inhibited tyrosine phosphorylation of this component of the TCR
r 28-lold (Fig. 2¢).

arbimycin A, but not genistein, cifferentially inhibits activation
PLC by the TCR and HM1 in J-HM1-2.2 cells

5 anticipated from inhibition of tyrcsine phosphorylation of
-Cy1, herbimycin A virtually zbolished activation of
osphoinositide hydrolysis by the TCR. Inhibition of PLC
tivation was dose-dependent. Also in accord with the lack of
aibition of tyrosine phesphoryiation of MAP-2 kinase, activation
PLC by HM1 was not inhibed by herbimycin A (Fig. 3a). In
intrast. genistein was a relatively non-selective inhibitor of PLC
tivation in these cells. In the presence of genistein both TCR-
id HM1-mediated activation of PLC were partially inhibited, in
iraliel, by up to 60% (Fig. 3b).

>R- and HM1-medisted increases in [Ca®* ], were Oifferentially
ubited by herbimycin A

crease in [Ca?*), following activation of PLC and the
:neration of IP; is a multi-step process involving release of
2+ from intracelivlar stores and flux across ithe plasma
zsmbrane. Fluorimetry was used to assess the response of
rbimycin A-treated J-HM1-2.2 cells to stimulation with anti-TCR
Ab or carbachol. Pre-treatment of J-HM1-22 cells with
rbimycin A abolished the increase in [Ca?*], in response 1o
2 anti-TCR mAb C305 (Fig. 4). Herbimycin A had no effect on
2 response to the muscarinic agonist carbachol. Thus, inhibition
transmembrane signalling by herbimycin A selectively inhibits
;B- but not HM1-mediated regulation of PLC activity.

enistein did not inhibit increases in [Ca?*], in response to
mulation of the TCR

ie effects of genistein on increases in (Ca?*], could not be
amined in the fluorimeter because the fluorescence spectrum

Inhibiters of TCR signal transduction 1205

of genistein in solution coincides wih that of indo-1 21 220 - 440
and 450 - 480 nm. The response of indivicual cells was examined
by flow cytometry using the raho method cf measurement of
[Ca?*),. Pre-treatment with 0.4 mM genistein had no ¢ffect on
the response of indo-1-lcaded Jurkat cells stimuleted with anti-
CD3 mAb (Fig. 5). We ncted increases in basal {Ca®*) in scme
cells following genistein pre-treatment, as well gs changes in cell
size zs assessed by forward scetter. These elfects ¢f genisten
may be atributeble to cytotcxicity (data not shown, and see
below).

Genistein, but not herpimycin A, inhibited protein synthesis and
recuced cell viability in J.HM1-2.2 celis

Both genistein (18,45.¢€) and herbimycin A (16,47), have
previously been reporied to induce reversible cell cycle arrest
in Gy/G,. The finding that genistein inh:Lted the activation of
PLC by two receptors with distinct signal iransducticn

120 -

Herbimycin A (uM)

100

80 4

60 -

Total insPs ( % control response )

20 4

Genistein (mM)

Fig. 3. Effects of herbimycin A and genisiein on phosphoingsitide
hydrolysis in response to anti-1 R mAb and carbacho! in J-HW1-2.2 cells.
J-HM1-2.2 cells were incubated for 18 hin herbimycin A, at the indicated
concentrations, or medium alone, and washed. Genisiein was added
10 min before stimuli and was present throughout the assay. Accumutation
of water-soluble inositol phosphates was measured over 30 min in the
presence of LiCl,. (a) Effects of herbimycin A a_nd (b) eﬂects of genistein
on the responses to mAb C305, 1:1000 dilution of ascites (solid bgrs)
and 10 500 xM carbachol (hatched bars). Each panel is representative
of at least three experiments. The SEM of each triplicate measurement
was < 15% in all cases. The results are expressed as the percentage
of the maximal response to each agonist, obtained in the absence of
the relevant inhibitor.
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Fig. 4. The effect of herbimycin A on increases in [Ca?*), in response
to anti-TCR mAb and carbachol in J-HM1-2.2 cells. J-HM1-2.2 cells were
incubated for 18 h in medium alone (A) or 3 uM herbimycin A (B), washed,
and Joaded with indo-1. Changes in indo-1 fluorescence were measured
and [Ca?*), calculated as described in the text. Each panel is
representative of two experiments.

mechanisms in the same cell, and that inhibition of both PTK and
PLC activities by genistein was incomplete, suggested that
genistein may have cytotoxic effects in T cells. As anticipated,
the growth of J-HM1-2.2 cells was arrested by both herbimycin
A, > 0.3 uM, and by genistein, >0.16 M (data not shown).
However, we noted a striking ditference in the effects of these
reagents on cell viability and protein synthesis. Inclusion of
genistein in cultures of J-HM1-2.2 cells induced dose-dependent
cytotoxicity, as assessed by the ability 1o exclude trypan blue
(Fig. 6a). The dose of genistein which maximally inhibited PIP,
hydrolysis in signal transduction experiments reduced cell viability
by 50%. Herbimycin A had no appreciable effect on exclusion
of trypan blue. The ability to exclude trypan blue is a relatively
insensitive means of assessing cytotoxicity. We examined the
effect of genistein and herbimycin A on protein synthesis by
measuring the incorporation of [**S]methonine into total cellular
protein (Fig. 6b). Herbimycin A had no appreciable effect on
protein synthesis. A 10 min pre-incubation with genistein inhibited
protein synthesis, in a dose-dependent manner, by up 1o 80%
at 0.4 mM. Inhibition was present at 2 min and was maximal &t
60 min (data not shown).

o s
M e s 3 ‘;—é’ e

100 ’,__
80t TR

% RESPONDING CELLS

160 240 220 400
TIME (SEC)

Fig. 5. The etect of genisiein on enu-CO3 mAb-induced increases in
{Ca2+*]) in Jurkat cells. Jurkal ceils were loaded with indo-1 and
incubaied in vehicle alone ( ) or genistein (- }for 10 min 2t
37°C. Cells veere then enalyzed on the fiow cytometer &t 200 ceils/min.
A baseline was obtained and the anti-CD3 mAL G184 (5 po/ml) added.
The resulls are expresseo es {he percentege of celis responcing with
an increase in (Ca?*], >2 SD over Laseline.

Genistein inhibited protein synthesis in human peripheral
lymphocytes and lymphocyte blasis

In order 10 exclude the possibility that genistein behaves &s a
non-specific inhibitor of signal transduction in Jurkat-derived cells
because of a cytotoxic effect unique to Jurkat cells, we examined
the effect of genistein on protein synthesis in resting human
peripheral lymphocytes and lectin-activated blasts (Table 1).
Pre-treatment of zcherent cell-cepleted human peripheral
mononuclear cells with 0.4 mM genistein reduced the incorpora-
tion of [2*S)methicnine irto tctal protein by 85%. In blast cells
derived by stimulation with PHA, protein synthesis was inhibited
by genistein by 47%. Genistein thus inhibited protein synthesis
in both resting and activated human lymphocytes.

Discussion

A number of recent studies have used PTK inhibitors, inclucing
nerbimycin A and genistein, {o examine the role of tyrosine
phosphorylation in signal transduction by the TCR and T cell
activation. Based on the effects of PTK inhibitors on signalling
by the TCR, studies have concluded that a regulatory tyrosine
phosphorylation is required for activation of PLC by the TCR
(16,18,19,21). However, two studies have shown that genistein
incompletely inhibits activation of PLC by the TCR (20,22),
suggesting that tyrosine phosphorylation may not be essential
for activation of PLC by the TCR. We investigated the possibility
that these divergent findings were due to differences in the
specificity of in vitro PTK inhibitors for PTKs in intact T cells.
In order to control for possible effects other than PTK inhibition,
we used the cell line J.HM1-2.2, a derivative of the T cell leukemic
line Jurkat. J.HM1-2.2 expresses both the TCR and a transfected
heterologous receptor, HM1. HM1 is a seven transmembrane-
domain receptor, which is normally expressed in muscle and
neuronal cells, but not in hematopoietic cells. Although both the
TCR and HM! both initiate P! hydrolysis in J.HM1-2.2 cells, they
activate PLC by independent mechanisms, and it is likely that
they activate ditferent isozymes of PLC (48,49). Thus, inhibition
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Fig. 6. The effects of herbimycin A and genistein on viability and on incorporation of [2*S)methionine into total protein in J-HM1-2.2 celis. (A) Cells

¢ (10%/mi) were incubaled overnight (18 - 24 h) in medium conlaining the indicated concentration of herbimycin A (M) or genistein () 2nd counted.

The results are expressed as the percentage of cells which excluded trypan blue. Each point is the mean of at least two experiments, wih duplics'e
daterminations made for each experiment. (B) Cells (5 x 10%), in duplicate, were incubated for 18 h in herbimycin A (R), at ihe indicated
concenirations, or medium alone, then in cysteine/methionine-free medium for 30 min, and [¥*S)meihionine added. Geristein (IZ) was acded 10
min before [*°S)methionine. Incorporation of radiclabelled amino acids was determined at 1 h. Each point is the mean of at least two delerminations.
Resuils are expressed as percentage incorporation of 125S}methionine relative 10 unireated cells.

of signal transduction by beth the TCR and HV1 by a putative

. specific PTK inhibitor is evidence that the inhibitor behaves non-
. specifically. The evidence that the TCR and HM1 aclivate PLC

by independent mechanisms when HM1 is expressed hetero-
logously in Jurkat cells is summarized as follows: HM1 activates
PLC normatly in response 1o carbachol when it is expressed in
a Jurkat-derived cell line which lacks surface TCR, and also :in
Jurkat-derived signal transduction mutants which fail to activate
PLC in response 10 anti-TCR mAb (29). We show that in
J.HM1-2.2 cells, stimutation of the TCR, but not of HM1, induces
tyrosine phosphorylation of PLCy1. Additional evidence for the

| independence of these pathways is that the activation of PLC
¢ by the TCR, out not by HM1 in Jurkat cells is requlated Ly the

cell surface level of CD45 (17).
HM1 maintains its direct interaction with a G protein in

© J.HM1-2.2 cells, as the muscarinic agonist carbacho! decreased
© the affinity of HM1 for its ligand. Guanine nucleotides may

modulate signal transduction through the TCR via a cholera toxin-

* sensitive G protein {50,51). However, evidence is lacking for direct
* interaction of any component of the TCR with a classical G

g A o e e 1

e — 4.

protein. It is relevant that Abraham et al. have demonstrated that
cholera toxin acts as a PTK inhibitor in periphéral T cells, and
that activation of PLC by the TCR, but not by a non-hydrolyzable
analog of GTP, is sensitive 1o PTK inhibition by cholera toxin (21).
The PLC isozyme which is activated by HM1 has not been
identified. As tyrosine phosphorylation does not appear 1o be
required, it is unlikely to be PLCy1. One candidate is PLCB1,
which is widely expressed, and has been shown in reconstituted
membrane systems 10 be activated by G,, @ member of a
recently-described family of G proteins (48,49,52).

In J.HM1-2.2 cells, herbimycin A inhibited signal transduction
through the TCR and was selective since it did not inhibit
activation of PLC by HM1. TCR-induced tyrosine phosphorylation

_of a subset of proteins, including PLCy1 and TCR{, was inhibiled

Table 1. Effects of genistein on incorporatic";n of [¥*S)methonine
into 1otal protein in human peripheral iymphocyies and actvaied
lymphocyte blasts

Protein synihess

Cell (% inhibtion)
J.HM1.2.2 . &0
Peripheral lymphocyies 85
Lymphocyte blasts 47

Results are expressed as percentage inhibition relative 10 untreated
cells (0 = 2).

by herbimycin A. Activation of PLC by the TCR was almost
complelely abolished, but HM1 induced responses were
unaffected. Herbimycin A was not cytotoxic and did not inhibit
protein synthesis in Jurkat cells, human peripheral lymphocyles,
or activated lymphocyte blasts.

In contrast, genistein was a relatively non-specific inhibitor of
PTK activity in Jurkat cells. Genistein partially inhibited activation
of PLC by both the TCR and HM1, Genistein was cytotoxic, and
inhibited protein synthesis in J.HM1-2.2 cells, in human peripheral
lymphocytes, and in lymphocyte blasis. We conclude that
herbimycin, but not genistein, is a specific inhibitor of signal
transduction by the TCR.

Specific inhibition of TCR-mediated activation of PLC by
herbimycin A supporls previous evidence that activation of PLC
by the TCR is by tyrosine phosphorylation of PLCy1 (7 - 9), and
further implicates a src family PTK. Herbimycin A binds 10 the
carboxy-terminus of src-related PTKs via sullhydryt groups and
increases their rate of degradation, reversibly depleting the
steady-state level by 90 ~97%, (16,26,27). Several src-related
PTKs, including yes, fyn, and Ick, are expressed in T cells
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(reviewed in 53). Both fyn and Ick have been implicated in signal
1ran§duction by the TCR. Previous studies demonsirate that
herbimycin A treatment of T cells results in decreased recovery
of fyn and Ick in immunoprecipitates, whereas the activity of the
scrine-hteoning kinase c-raf, and aluminium flucride-induced
activation of PL.C, are not reduced (16). Herbimycin A inhibits
TCR-ri- Jiated carly and late activation events, but does not inhibit
increases in 1L-2R and IL-2 induced by the combination of
calcium ionophore and phorbol ester (16). This finding confirms
thatthe PTK inhibited by herbimycinin T celis is proximal to PKC
and likely 1o be a sr¢ tamily member,

Genistein has previously been shown to inhibit the TCR-
induced tyrosine phosphorylation of TCR{ in human peripheral
lymphocytes (18). Norton et al. (22) have also shown that
genistein inhibits the appearance of a number of tyrosine
phosphoproteins on stimutation of peripheral T cells vith antigen.
Genistein inhibits production of iL-2 in response to TCR
stimulation; however, genistein also inhibits IL-2 production in
response 1o the combination of phorbol ester and calcium
ionophore, stimuli which by-pass the requirement for activation
of a PTK by the TCR (18,20). This finding suggests that genistein
inhibits a step in T cell activation distal to the activation of PLC.

In this study genistein inhibited PLC activation through both
the TCR and HM1 but had only a mincr eflect on the patiern
and intensity of phosphotyrosine-containing bancs stimulated by
either anti-TCR mAb or carbachol in J.HM1-2.2 cells. Tyrosine
phosphorylation of PLCy1, which was virtually abolished by
herbimycin A} was inhibited much less by genistein. In agreement
with the findings of Mustelin et al. (18). the level of tyrosine
ohosphorylation of TCR¢ was decreased by genistein, but was
significantly less than that seen with herbimycin A. iIn this study
and previous studies (54,55), a relatively small proportion of
cellular TCRy is tyrosine phosphorylated in response io TCR
engagement. Quantitation of TCR{ phosphorylation is also
complicated by the appearance of multiple phosphorylated forms
with differing mobility on SDS - PAGE. Inhibition by genistein of
tyrosine phosphorylation of TCR¢{ could be interpreted 1o show
that genistein inhibits a PTK other than that which phosphorylates
PLCy1. Alternatively, the enzyme may be the same, but non-
competitive inhibition of ATP by genistein may inhibit tyrosine
phosphorylation of these substrates differentially (28; and see
below). Alternatively, genistein may influence the function of a
phosphatase or other intermediary molecule which is required
in the tyrosine phosphorylation of TCR¢, but not of PLCy1.

Previous studies have shown that genisiein inhibits the in vitro
PTK activity of the epidermal growth factor receptor (EGFR), and
of src, gag-fes (28), and Ick (20). However, effecs of genistein
which may not be related 1o inhibition of PTK activity include
inhibition of serine-threonine kinase activity (56), reversal of
transformation by the guanine nucleotide-binding protein ras (45),
inhibition of DNA topoisomerase activity (45,46,57,58), and
inhibition of receptor binding of thromboxane A2 analogs (59).
The specificity of genistein may also vary between tissues
(56,60 — 64). Akiyama has proposed that the mechanism of action
of genistein may be as a non-compeitive inhibitor of ATP
hydrolysis (28). This may account for the variability of PTK
inhibition by genistein, Inhibition of ATP hydrolysis may also
explain the cytotoxicity of genistein for T cells in this study, and
that reported other cell types (58,57).

In summary, herbimycin A, which down-regulates src-related

PTKs, spectically inhibits s:ignal trancduction by ithe TCIR H
supports the model whereby ligand Ending 1o the TCR drectly
or indirectly activales an as yet-unidertfied sre1claled PTK wiheh
inturn tyrosine phosphorylates and activates PLCH1. Then wiro
PTK inhibitor genistein is a relatively poor mbibtor of PTK acirvty
in intact T cells and has non-selective elfecis unrclaled to FTK
inhibition. These findings highlight sorme of the potental midstoars
of studies using inhibitors 10 examine the rcle of tyrosine phes.
phorylation in signal transduction, growth, and difererizien
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Abbreviations

ICa?*), nraceliular free calcium

ECFR epidermal growth facior recepior

G protein guanine nucleotide-binding preten
HV1 human muscarineg recep.or type 1
[*HIONB 1-quinuchidinyl[phen,i-4-*Hlbenzilide
1P, inositol 1,4,5-tris-phosphate

MAP-2 microlubule associsled proiein-2
PHA phyichemaggiutinin

PIP, ’ phosphatidylinosito! 4.5-bis-chosphate
PKC protein kinase C

PLC phospholipase C

PTK protein lyrosine kinase
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